The removal and recovery of rosaniline and brilliant green were studied using batch and dynamic processes. The maximum sorption of these dyes (∼100%) was obtained in a pH range of 6-10 with a shaking time of 2-5 min. The sorption kinetics were best described by the pseudo-second-order model (R 2 = 0.993). The variation in the sorption of rosaniline and brilliant green with temperature results in average values of H and G (i.e., −65.7 kJ mol −1 and −8.1 kJ mol −1 , respectively). The sorption capacity of iodo-polyurethane powder (Iodo-PUP) was 106.8 and 154.4 mg g −1 for rosaniline and brilliant green, respectively. The dye removal percentage and detection limit were 99.5% and 20 ng mL −1 , respectively. The isotherms exhibit good correlation (R 2 = 0.9985) with a zero intercept (0.0045). Successful application was achieved for environmental samples (i.e., industrial, laundry and sewage wastewater). The average recovery and RSD were 85.2% and 4.9%, respectively. Production and hosting by Elsevier B.V. on behalf of Taibah University. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction
Dyes are used extensively in the textile, leather, food processing, cosmetics, paper, and dyeing industries [1] . Dyes become water pollutants due to their presence in the effluents of dye manufacturing industries [2] . Over 10 5 commercially available dyes exist, and more than 7 × 10 5 tonnes of dye are produced annually [3] . However, approximately 7 × 10 4 tonnes/year of dyes are discharged into waste streams by the textile industry [4] . Dyes are carcinogenic and possess a serious hazard to aquatic living organisms [5] . In addition, the dyes in water cause human health disorders, such as severe damage to the kidneys and central nervous system [1] . In particular, basic dyes, such as triphenyl methane, are considered to be one of the more problematic classes of dyes [1] . Therefore, the removal of dyes from effluents prior to mixing with natural water is very important. Adsorption is one of the most efficient methods of removing pollutants from wastewater [6] [7] [8] [9] [10] [11] . The adsorption processes yield the best results because they can remove different types of colouring materials, especially if inexpensive adsorbents are available. Different sorbents have been used to remove dyes from wastewater (e.g., Ni 0.6 Fe 2.4 O 4 nanoparticles, castor bean, lignocellulose, agricultural waste, cationic polymer, coal, carbonaceous and miswak) [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] .
The polyurethane sorbent (PUF) is advantageous due to its simple preparation, low cost and high surface area [23] [24] [25] . PUF is a good sorbent for the removal of organic pollutants from aqueous solutions, such aromatic acids [26] , phenols [27] , herbicides [28] , ␤-lactam antibiotics [29] , azine and triphenyl methane dye [30] . The Iodo-PUP sorbent was synthesized from PUF, which undergoes hydrolysis and diazotization by sodium nitrite followed by treatment with potassium iodide [1] . The aim of this study is to develop a new, simple, cheap and rapid removal procedure for triphenyl methane basic dyes that have different molecular sizes from wastewater using the modified Iodo-PUP. Iodo-PUP is inexpensive with good stability and a high sorption capacity for the removal of basic dyes from aqueous solutions. In addition, Iodo-PUP can be recycled many times for the removal of dyes from wastewater without significantly decreasing its capacities. The removal behaviour of Iodo-PUP for dyes was studied to optimize the conditions for the optimal removal of dyes. Kinetic, thermodynamic and equilibrium data was obtained.
Experimental

Reagents
The rosaniline and brilliant green dyes were prepared from high purity grade reagents (BDH, Poole, England). A 1 mg mL −1 stock solution of the dyes was prepared by dissolving 0.1 g of rosaniline hydrochloride (C 20 H 19 N 3 HCl, 337.86 g/mol) and brilliant green (C 27 H 34 N 2 O 4 S, 482.63 g/mol, λ max = 624.5 nm) in 100 mL of distilled water.
Apparatus
The rosaniline and brilliant green dyes were determined spectrophotometrically using a Shimadzu UV-1800 spectrophotometer (Shimadzu Corporation, Japan) at λ max 542 and 624.5 nm, respectively. The pH measurements were carried out using a pH metre from Microprocessor pH Meter (HANNA Instruments). The glass column, which contained 1.0 g of Iodo-PUP, was 50.0 cm long, 1.5 cm in diameter with a bed height of approximately 7.0 cm.
Recommended procedures
The sorption of rosaniline and brilliant green was carried out using a batch technique at 25 • C. A portion of the 0.1 g of Iodo-PUP was mixed with 25 mL of the studied dye solution (1 g mL −1 ) in a shaker adjusted to the desired shaking speed. After a certain time period, the dye concentration remaining in the supernatant solution was determined spectrophotometrically.
In the dynamic experiments, 1.0 g of Iodo-PUP was packed into a column (50 cm × 1.5 cm). The bed height (L) of the Iodo-PUP column was approximately 7 cm. 25 mL of the studied dye solutions (1 g mL −1 ) were passed through the Iodo-PUP column at a flow rate of 2-5 mL min −1 . The stripping of the dye from the Iodo-PUP column was carried out using CH 3 OH. The eluates of the dyes were collected and determined spectrophotometrically.
To determine the pHp ZC of Iodo-PUP, a series of flasks containing 25 mL of a solution with a pH in a range 1-13 (solution was adjusted using HCl and NaOH) was added to 0.1 g of Iodo-PUP. After 24 h, the final pH (pH f ) of the solution was measured. The difference between the initial and final pH values ( pH = pH f − pH i ) was plotted as a function of the pH i . The pHp ZC was the pH at which the initial pH equals the final pH.
A 25 mL portion of each dye solution was shaken with 0.1 g of Iodo-PUP for 30 min. The pH of the dye solution was adjusted prior to equilibration with HCl or NaOH over a range of 1-14. After equilibration, the remaining dyes were determined using the recommended method.
The effect of the shaking time on the extraction efficiency of the dye was studied. 0.1 g of Iodo-PUP was added to a 25 mL of sample at the optimum pH, and automatic shaking was performed for different time intervals (1-60 min).
Results and discussion
Effect of pH on the sorption of dye onto Iodo-PUP
The effect of the pH on the sorption of rosaniline and brilliant green onto Iodo-PUP using the batch technique is shown in Fig. 1 . The pH of the aqueous solution was an important parameter that controlled the uptake process. The maximum removal efficiency reached 97-100% for rosaniline and brilliant green in a pH range of 6-12 and 8-12, respectively. At a pH of less than 2.0, the uptake of the studied dyes is too small, and the uptake increased rapidly as the pH value increased. The optimum pH value for the removal of rosaniline and brilliant green from an aqueous solution was ≥8. The sorption percentage of rosaniline is greater than that of brilliant green at a pH of 4-7, which can play a role in enhancing the selectivity of the dye separation with Iodo-PUP. In addition, the sorption percentage of the studied dyes on Iodo-PUP and PUF was 98.5% and 57.5%, respectively. This result indicated that Iodo-PUP is more efficient than PUF for removing basic dyes from an aqueous solution.
Sorption kinetics
The sorption rate of rosaniline and brilliant green (0.004 mg mL −1 ) onto Iodo-PUP has been measured using a batch experiment at different time intervals (1-30 min). The time for 70-90% dye sorption is very fast but becomes progressively slower as the time increased. The time required for sorption equilibrium of the dyes was determined to be 2-6 min. This rapid sorption rate of dyes is due to the strong bond that is formed with the Iodo-PUP.
The diffusion mechanism was investigated using the Morris-Weber [31] [32] [33] . Q t is the amount of dye sorbed at time t. k i is the intraparticle diffusion rate constant (mmol g −1 min −1/2 ). C o is the initial concentration of dyes in the solution. V is the volume of the solution, and m is the mass of Iodo-PUP. The Bt value is a mathematical function of F = Q t /Q e . D i is the effective diffusion coefficient, and α and k O are constant.
A plot of Q t as a function of t 1/2 should be a straight line (R 2 = 0.942) that does not passing through the origin. The diffusion rate of the dyes is rapid in the initial stages and decreases with the passage of time. The average values of k i for dye sorption was 0.054 mmol g −1 min −1/2 . The diffusion rate of brilliant green was greater than that of rosaniline, which indicated that the diffusion rate was independent of the size of the dye ( Table 1) .
The relationship between Bt and t for the sorption of rosaniline and brilliant green was investigated (R 2 = 0.983), which indicates that a partial film formed along with intraparticle diffusion. The slope of the linear plots of F as a function of t 1/2 provide the numerical values of the effective diffusion coefficient (D i ). The average value of D i for the dye sorption was 2.06 × 10 −6 cm 2 min −1 ( Table 1 ). The film diffusion rate depended on the size of dyes.
The double logarithmic plots of the Bangham equation as a function of the time yield perfect linear plots, and the average of the correlation coefficients was 0.972 ( Fig. 2 ). This result indicates that the diffusion of basic dyes into the pores of Iodo-PUP was involved in the ratecontrolling step. The average value of α was calculated from the slope to be 0.88. The α values increased with as the dye size increased (Table 1 ). This result is in a good agreement with the results obtained from the Reichenberg model. The regression correlation coefficient (R 2 ) exceeded 0.94 for the Morris-Weber, Reichenberg and Bangham models, suggesting that both models closely fitted the experimental data. In addition, the regression analysis results indicated that the Reichenberg model (R 2 = 0.983) was able to describe the intraparticle diffusion mechanism as film diffusion.
Kinetic modelling of the experimental data allows us to gain insight into the potential rate-controlling steps involved in the sorption process. Two kinetic models (i.e., pseudo-first-order [log(Q e − Q t ) = (logQ e ) − (k 1 t/2.303)] and pseudo-second-order [t/Q t = (1/k 2 Q 2 e ) + (t/Q e )] models) were tested to fit the experimental data for the sorption of rosaniline and brilliant green onto Iodo-PUP ( Fig. 3) . Q e is the amount of dye sorbed at equilibrium, k 1 is the pseudo-first-order rate constant, and k 2 is the pseudo-second-order rate constant. Table 2 lists the kinetic parameters for the sorption of dyes using the pseudo-first-order and pseudo-secondorder models. By comparing the correlation coefficients (R 2 ), we determined that the sorption kinetics were best described by the pseudo-second-order model. The R 2 values for the pseudo-second-order sorption model (0.993) were higher than those for the pseudo-firstorder kinetic model (0.969). This result suggests that the pseudo-second-order adsorption mechanism is the predominant process, and the overall rate of the dye sorption process appears to be controlled by a chemisorption Table 1 The diffusion rate for the sorption of rosaniline and brilliant green onto Iodo-PUP.
Dye
Reichenberg model Weber-Morris model Bangham model Table 2 Kinetic parameter of pseudo first order and pseudo second order models.
Dye Pseudo first order model Pseudo second order model process. The average value of the sorption rate constant (k 2 ) calculated from the slope of the line was 6.87 g mmol −1 min −1 ( Table 2 ). The trend in the k 2 values was in the order brilliant green > rosaniline, which indicated that the rate constant was independent of the size of the dye. The average value of the half-life (t 1/2 = 1/Ck 2 ) was 1.05 min for the sorption of the studied dyes.
Sorption isotherms
The effect of the initial dye concentration on the sorption of rosaniline and brilliant green onto Iodo-PUP using a batch technique was studied. The amount of sorbed dye per unit mass of Iodo-PUP (Q c ) was plotted as a function of the initial dye concentration. The isotherms exhibit good correlations (R 2 = 0.9985) with a zero intercept (0.0045, Fig. 4 ). The sorption capacity initially increased with the initial concentration of dye and then plateaued. The sorption capacities of Iodo-PUP for rosaniline and brilliant green were 0.316 and 0.320 mmol g −1 , respectively (106.8 and 154.4 mg g −1 , respectively). The sorption capacity of Iodo-PUP was compared to that of other sorbents, which indicated that Iodo-PUP exhibited better capacity values [22, [34] [35] [36] [37] . A regression analysis indicated that the average limit of detection (LOD = 3SD I /b, where SD I is the standard deviation of the intercept and b is the slope of the calibration curve) for the sorbed dye was 4.2 × 10 −5 . In addition, the average limit of quantitation
The data from the sorption isotherms were analyzed using Freundlich (logQ c = logK F + (1/n)logC e ) and Langmuir [C e /Q c = (1/K L b) + (C e /K L )] equations [38, 39] , where C e is the amount of dye sorbed at equilibrium. K F , n, K L , b, ε, and β are constants. K F is the adsorption capacity of the Iodo-PUP sorbent, and the 1/n constant is the intensity of the adsorption.
The linear plot of log Q c as a function of log C e (R 2 = 0.964) is shown in Fig. 5 . The Freundlich constants (1/n) are 0.37 and 0.26 for sorbed rosaniline and brilliant green, respectively ( Table 3 ). The value of 1/n was <1, which may be due to the heterogeneous surface structure of Iodo-PUF with a non-uniform distribution of heat sorption over the surface. The values of n were 2.7 and 3.8 for the sorption of rosaniline and brilliant green, respectively, indicating that the sorption is favourable.
The plot of C e /Q c as a function of C e of the experimental data according to Langmuir model gives a linear relationship. The results in Fig. 5 indicate that the Langmuir equation provides an accurate description of the experimental data, which was confirmed by correlation coefficient (R 2 = 0.929). The dimensionless constant (R L ), which was used to determine the favourability of the sorption of dyes onto Iodo-PUP, can be calculated using the following equation: R L = 1/(1 + bC O ), where Table 3 Comparison between Freundlich and Langmuir isotherm parameters.
Dye
Freundlich Langmuir C O is the highest initial concentration of the dye. The R L values were determined to be 0.06 and 0.03 (0 < R L < 1) for the sorbed rosaniline and brilliant green, respectively, indicating that the sorption of these dyes was favourable. The regression correlation coefficient (R 2 ) exceeded 0.96 for both the Freundlich and Langmuir models, suggesting that both models closely fitted the experimental data. The Chi-square model (X 2 = (Q c − Q e ) 2 /Q e ) was used to compare the Freundlich and Langmuir models (Table 3) . Here, Q c , which is the capacity, is calculated from the model and the experimental data of the capacity. The experimental data obtained for Iodo-PUP exhibited a better fit to the Langmuir isotherm model. This result is based on the lower X 2 of 0.001 compared to those obtained using the Freundlich isotherm model (X 2 = 20.0), which may suggest that Iodo-PUP has homogeneous adsorption sites.
The linear plot of ln Q c as a function of ε 2 (Dubinin-Radushkevich isotherm [24] , lnQ c = lnK D−R − βε 2 and E = 1/ √ −2β, R 2 = 0.994) is shown in Fig. 4 . K D-R is the maximum amount of dye sorbed onto Iodo-PUP, β is a constant related to the transfer energy of the dye from the bulk solution to the Iodo-PUP sorbent, and ε is the Polanyi potential.
The β values for the sorption of rosaniline and brilliant green were −0.002 and −0.003 kJ 2 mol −2 , respectively. The sorption energy ( E) was determined to be 15.8 and 12.9 kJ mol −1 for rosaniline and brilliant green, respectively ( Table 4 ). The E value >8 kJ mol −1 corresponded to sorption processes controlled by an ion-exchange mechanism. Therefore, this study suggests that the sorption of basic dyes onto Iodo-PUP is due to an ion-exchange process. Finally, the sorption of basic dyes onto Iodo-PUP may proceed via ion-association complexes and an ion-exchange mechanism. 
Thermodynamic investigations
The effect of temperature on the sorption of rosaniline and brilliant green onto Iodo-PUP using a batch technique was studied. The results indicated that the sorption of the dyes decreased with increasing temperature. The decrease in dye sorption onto the sorbent was due to the deformation of bonds between the dye molecules and the active site of the sorbent. In addition, the solubility of the dyes in the aqueous solution increased with increasing temperature.
The thermodynamic behaviour of the sorption of the studied dyes onto Iodo-PUP was evaluated using the following equations: lnK = − H/RT + S/R, G = H − T S and K = C a /C e [27] , where K is the distribution coefficient for sorption, C a is the equilibrium dye concentration on the sorbent and C e is the equilibrium dye concentration in solution (mol L −1 ). The linear plots of ln K as a function of 1/T (Fig. 6 , R 2 = 0.993) yields the enthalpy ( H) and entropy ( S) values from the slope and intercept, respectively.
The average free energy ( G) value was −8.7 kJ mol −1 , and the negative sign is due to the spontaneous nature of the sorption process ( Table 5 ).
The H values for the sorption of rosaniline and brilliant green were −104.5 and −39.3 kJ mol −1 , respectively. The negative H value indicates an exothermic chemisorption process. The average value of S was −193.4 J K −1 mol −1 . The negative S values indicated a decrease in the randomness at the solid-liquid interface during the sorption process.
Preconcentration
The performance of Iodo-PUP for the preconcentration of each dye was studied. The preconcentration of rosaniline and brilliant green in different sample volumes (10-100 mL) using the batch technique was studied using 0.1 g of Iodo-PUP. The data indicate that the maximum sorption of rosaniline and brilliant green in the batch factor (V/m) ranges from 250 to 500 ( Fig. 7) (i.e., V is the sample volume of the dye and m is the mass of Iodo-PUP). The average uptake values of the studied dyes decreased with increasing sample volume (from 100% to 52%) in the batch factor, V/m ≈ 1000. This result indicates that the tested dyes can be sensitively concentrated and effectively removed from large volumes of dilute aqueous solutions using Iodo-PUP.
Effect of eluting agents and reusability of Iodo-PUP
The effect of various eluting agents, such as HCl, NaOH, CH 3 OH C 2 H 5 OH and CH 3 COCH 3 , on the stripping of rosaniline and brilliant green from Iodo-PUP was studied. The dyes were completely eluted from Iodo-PUP with CH 3 OH. However, the dyes were partially eluted with HCl, NaOH, C 2 H 5 OH and CH 3 COCH 3 . Iodo-PUP was recycled many times after regeneration using CH 3 OH and H 2 O without significantly decreasing their capacities.
Effect of sample and eluent flow rate
The uptake percentage of the studied dyes onto the Iodo-PUP column has been studied at various flow rates of the sample solution. A set of solutions containing 5 mg of rosaniline or brilliant green was passed through the Iodo-PUP column at a flow rate varying from 1 to 50 mL min −1 . The average values of the optimum flow rates of the dye through the Iodo-PUP column were in the 1-19 mL min −1 range.
The elution of 5 mg of rosaniline or brilliant green from the Iodo-PUP column using CH 3 OH was examined at various flow rates (1-10 mL min −1 ). The chromatograms indicated that the dyes were completely eluted within the first 4-20 mL. The height equivalent to a theoretical plate (HETP) was calculated from the elution curves using the following equations: (HETP = LW 2 /16V 2 R ) and (HETP = A + (B/U) + CU) [40] [41] [42] , where V R is the volume of the eluate at the maximum peak, W is the width of the peak, L is the length of the Iodo-PUP bed, U is the flow rate and A, B, and C are constants. The average HETP and N (number of theoretical plate) values were determined to be 0.41 cm and 180, respectively, at a flow rate of 4.7 mL min −1 for the elution of the dyes. The slight increases in the HETP values were observed as the flow rate increased. However, a relatively high flow rate was applied without any appreciable loss in column performance. The ideal flow rate for the eluted dye can be calculated from the following equation: U = √ B/C, where B represents the longitudinal or molecular diffusion of the sample components and C is the rate of mass transfer. The average U value obtained using this equation was 4.5 mL min −1 . The average standard deviation (σ) of the Iodo-PUP column efficiency, which was calculated using H = σ 2 /L, was 0.53.
Breakthrough capacity
To determine the sorption capacity of iodo-PF, 0.2 g of Iodo-PUP that was placed in a column was saturated with dye under optimum conditions. From the breakthrough curves shown in Fig. 8 , the saturation of each column was achieved after passage of 18-48 mL of 1 mg/100 mL of the studied dyes. The capacities of the column for rosaniline and brilliant green were estimated to be 0.64 and 0.19 mmol g −1 , respectively. The difference in the sorption capacities of these basic dyes may be due to their different sizes. In comparison to the isotherm capacities of the studied dyes, the breakthrough capacities are large, which confirms that the dynamic technique is more efficient that the batch one. In addition, the capacities of Iodo-PUP for the studied dyes are quite reasonable compared to previously reported results.
The pHp ZC value of Iodo-PUP was approximately 6.9 ( Fig. 9) . At a pH lower than the pH ZPC , the surface of Iodo-PUP is positively charged, and at a pH greater than pH ZPC , the surface of Iodo-PUP becomes negatively charged. At the pH decreased, the nitrogen atoms of the dye become protonated, which reduces the sorption of the dye. The maximum sorption was achieved at approximately pH 7-12. Therefore, the maximum sorption of the studied dyes onto Iodo-PUP occurs in an alkaline medium due to electrostatic interactions and the formation ion-association complexes.
The electronic spectra of Iodo-PUP were recorded using a thin layer method in H 2 O. The UV-Vis spectra of Iodo-PUP contained three peaks at 700, 425.5 and 281 nm due to the functional groups on Iodo-PUP. These values are higher than those for the corresponding absorption bands of Iodo-PUP:rosaniline (blue shift), which were observed at 547, 388.5 and 252.5 nm. These results indicate that the formation of a [Dye]-Iodo-PUP complex. The electronic spectra of [Dye]-Iodo-PUP contained two bands in the visible region at 547 and 388.5 nm, which correspond to a charge transfer band (MLCT).
Applications
The accuracy of the proposed procedure for removing brilliant green and rosaniline dyes from four environmental samples, including sea water (Arabian Gulf) industrial wastewater (wastewater of El-Dammam industrial city), laundry wastewater and sewage, using Iodo-PUP was examined.
A 25 mL aliquot of a water sample was spiked with 100-200 g of brilliant green and rosaniline. Then, the solutions were shaken for 30 min, and the concentration of the remaining dye in the supernatant solution was determined. The obtained results are summarized in Table 6 . The average values for the removal percentage of brilliant green and rosaniline from the water sample were 100% and 91%, respectively. The average value of RSD% was determined to be 6.6%, which is considered relevant (less than 10%) for real samples.
The brilliant green and rosaniline dyes were removed from laundry wastewater using the column technique. A 100 mL aliquot of a water sample was spiked with 100 g of the studied dye. Then, the solutions were passed through the Iodo-PUP column at a flow rate of Table 6 Removal of brilliant green and rosaniline from wastewater and sea water using batch technique. 4-5 mL min −1 . The average removal percentages of the dye from the laundry and sewage water samples using the Iodo-PUP column were 63.9% and 85.9%, respectively ( Table 7 , RSD% = 4.03). The results indicated that Iodo-PUP is a suitable sorbent for the removal of basic dyes from environmental samples.
Sample
Conclusions
Iodo-polyurethane powder was successfully synthesized by replacing the amino group of PUF with an iodo functional group. The prepared sorbent exhibited good characteristics including fast extraction kinetics, low price, good chemical stability and reusability without loss of uptake capacity. Iodo-PUP can be potentially used as a solid-phase extraction material for the preconcentration, separation and removal of basic dyes from wastewater. The experimental data obtained for Iodo-PUP exhibited a better fit to the Langmuir isotherm model, which indicates that Iodo-PUP has homogeneous adsorption sites. The negative G value was due to the spontaneous nature of the sorption process. We proposed that the sorption of basic dyes onto Iodo-PUP may proceed via ion-association complexes and an ionexchange mechanism. Based on this study, Iodo-PUP has the ability to remove the basic dyes from wastewater.
